ABSTRACT: Enumeration of circulating tumor cells (CTCs) predicts overall survival and treatment response in metastatic cancer, but as many commercialized assays isolate CTCs positive for epithelial cell markers alone, CTCs with little or no epithelial cell adhesion molecule (EpCAM) expression stay undetected. Therefore, CTC enrichment and isolation by label-free methods based on biophysical rather than biochemical properties could provide a more representative spectrum of CTCs. Here, we report on a clinical-scale automated acoustic microfluidic platform processing 5 mL of erythrocyte-depleted paraformaldehyde (PFA)-fixed blood (diluted 1:2) at a flow rate of 75 μL/min, recovering 43/50 (86 ± 2.3%) breast cancer cell line cells (MCF7), with 0.11% cancer cell purity and 162-fold enrichment in close to 2 h based on intrinsic biophysical cell properties. Adjustments of the voltage settings aimed at higher cancer cell purity in the central outlet provided 0.72% cancer cell purity and 1445-fold enrichment that resulted in 62 ± 8.7% cancer cell recovery. Similar rates of cancer-cell recovery, cancer-cell purity, and fold-enrichment were seen with both prostate cancer (DU145, PC3) and breast cancer (MCF7) cell line cells. We identified eosinophil granulocytes as the predominant white blood cell (WBC) contaminant (85%) in the enriched cancer-cell fraction. Processing of viable cancer cells in erythrocyte-depleted blood provided slightly reduced results as to fixed cells (77% cancer cells in the enriched cancer cell fraction, with 0.2% WBC contamination). We demonstrate feasibility of enriching either PFA-fixed or viable cancer cells with a clinical-scale acoustic microfluidic platform that can be adjusted to meet requirements for either high cancer-cell recovery or higher purity and can process 5 mL blood samples in close to 2 h.
C irculating tumor cells (CTCs) are shed to the peripheral blood from both primary and metastatic tumor sites. They are implicated from experimental models to be present in the circulation of patients before metastases are detected, 1, 2 despite lack of evidence based on current commercially available techniques, such as the Veridex CellSearch assay (Warren, NJ, U.S.A.). There is a need to improve the molecular characterization of CTCs to better understand which functional properties of these disseminated cells are critical in the formation of distant metastatic lesions. 3 Further, there are urgent clinical needs for accurate and readily accessible automated methods to rapidly enrich and isolate CTCs from peripheral blood as a "liquid biopsy", as CTC enumeration has been shown to be an independent predictor of progression-free survival and overall survival in patients with metastatic cancer. 4 Because of the low number of CTCs in the circulation, separation technologies must achieve high recovery of CTCs as well as reasonable cancer-cell purity through efficient depletion of blood cells. Further, because CTCs are scarce, several milliliters of blood must be processed. Most commercially available or well-established techniques for CTC isolation achieve this by positive selection targeting epithelial cell surface markers such as the epithelial cell adhesion molecule (EpCAM) or cytokeratins (CKs), 5 e.g., the CellSearch assay. 6 However, it has become evident that some CTCs do not express these surface markers at detectable levels. 7 CTC isolation relying only on epithelial cell surface markers may therefore give an incomplete picture of the CTC population. These undetected cells might be cancer stem cells, mesenchymal cells, or epithelial cells undergoing epithelial to mesenchymal transition (EMT). 8, 9 EMT is associated with cancer progression and metastasis, 10 although other modalities may also be involved with tumor cell dissemination. 11 It has been observed that multicellular clusters of tumor cells can break loose from the primary tumor site and be transported by the blood to distant sites of metastatic lesions, where they have been reported to increase the metastatic potential compared to single cells. 12 Cancer patients with detectable CTC clusters have been associated with a poor prognosis; 13 the cluster chip is one proposed label-free method to capture CTC clusters. 14 Regardless of whether EMT, cell clusters, or cancer stem cells 15 are the main cause of metastasis, alternative methods for isolation and characterization of CTCs from liquid biopsies are now being intensively pursued. 16−24 Acoustophoresis is a gentle 19, 25, 26 and label-free CTC separation method, using ultrasonic standing-wave technology in a microfluidic setting. It is well-suited for automation and enables multiple cell-handling unit operations, such as alignment, separation, and concentration of rare cells, to be incorporated on a single chip. 27 To date, acoustophoresis has successfully been used to discriminate cells based primarily on size, 19,28−32 and to a lesser extent also on compressibility and density. While the size range of single CTCs can partly overlap that of white blood cells (WBCs), this drawback for sizespecific acoustophoresis is partially mitigated by the fact that CTC clusters well-exceed the size of any cells normally occurring in blood.
14 Furthermore, recent findings indicate the feasibility of cell-type-specific separation based on the cell properties of mass density and compressibility, 33 which would add further dimensions to acoustophoresis. On the basis of these considerations, we find it well worth investigating the potential for acoustophoresis as an alternative way to isolate CTCs from blood.
In this work, we present an acoustic microfluidic platform for enrichment of tumor cells from red blood cell depleted (RBC − ) blood that can process 5 mL of blood in ∼2 h. The system is largely automated and can therefore be operated by nonexperts, and the time to wash the system and load a subsequent sample is <2 min. Using RBC − blood from healthy donors spiked with prostate (DU145, PC3) or breast (MCF7) cancer cells as a model system to evaluate the performance of the platform, we identified eosinophil granulocytes as the major WBC subpopulation contaminant in our enriched cancer cell fraction. We processed clinically relevant volumes of blood (5 mL) spiked with 50 cultured cancer cells. We also showed this platform's feasibility for processing viable cells, opening up a wider range of postseparation analysis and characterization of CTCs in future patient samples.
■ MATERIALS AND METHODS
Briefly, we conducted five main experiments. We evaluated the performance of our acoustophoretic platform in terms of the upper limiting cell concentration that can be processed. We identified contaminating cell types. We evaluated the separation performance of our platform with respect to high purity or high recovery. We evaluated the platform's clinical-scale performance, using PFA-fixed samples with a volume and tumor cell concentration relevant to clinical practice: 5.0 mL of RBC − blood spiked with 50 cultured MCF7 cancer cells. Finally, we did a proof-of-principle assessment of performance for viable cancer cells.
System and Microfluidic Chip. An overview of the cellseparation platform is shown in Figure 1A . A chip and the piezoelectric ultrasound actuators on its aluminum support are enclosed in an aluminum manifold ( Figure 1B) . The chip was fabricated in silicon and glass and is similar in design to what was first proposed by Petersson et al., 34 with acoustic prefocusing of cells later added for better resolution. 19 The temperature of the chip is controlled in a closed-loop configuration consisting of a resistive temperature detector and a Peltier element, which enables both heating and cooling. Liquid and cell flow is driven by pressurizing the attached containers ( Figure 1C ). All samples were processed at a flow rate of 75 μL/min. Additional information can be found in Supporting Information.
Cell-Separation Principle. The mechanism of separating cancer cells from WBCs ( Figure 1A ) has previously been described. 19 Briefly, cells are introduced through a prefocusing channel (20 × 0.30 × 0.15 mm 3 ) where they are exposed to acoustic radiation forces at 5 MHz, acting transversely to the flow in two dimensions. Upon entering the separation channel (30 × 0.38 × 0.15 mm 3 ), the cells are laminated in proximity of the channel sidewalls by introduction of cell-free medium through the central branch of a trifurcation inlet at the end of the prefocusing channel. While flowing through the separation channel, cells are exposed to a 2-MHz, half-wavelength acoustic standing-wave field that forces them toward the center of the separation channel. Larger cells migrate toward the center at a higher rate than smaller cells. Consequently, at the end of the separation channel, the majority of the cancer cells can be collected through the central branch of a trifurcation outlet while the smaller WBCs exit through the side branches. System calibration is described in Supporting Information.
Cell Culture and Blood. Human prostate cancer cell lines DU145 and PC3 and breast cancer cell line MCF7 were acquired from American Type Culture Collection and grown according to the supplier's recommendations. Whole blood was acquired from healthy volunteers at the blood donor center at Skane University Hospital (Lund, Sweden). The blood was collected in Vacutainer tubes (BD Bioscience, San Jose, CA) containing ethylenediaminetetraacetic acid (EDTA). The blood was processed and used the same day it was collected. More detailed cell preparation can be found in Supporting Information.
Determining the Upper Limiting Cell Concentration. A series of 0.2 mL samples with increasing concentrations of WBCs (1.5 × 10 5 to 9.0 × 10 6 cells/mL) was run through the acoustic separator using a constant concentration of spiked DU145 cells (2.5 × 10 5 cells/mL). Cells were paraformaldehyde (PFA)-fixed and immunofluorescently labeled with CD45-APC and EpCAM-PE. Central and side-outlet cell fractions were analyzed by flow cytometry.
Identification of Contaminating WBC Subpopulations. PFA-fixed samples of 0.2 mL RBC − blood spiked with 10 000 DU145 cells were prepared and processed through the acoustic chip and analyzed by flow cytometry. WBCs were gated as CD45 + ; to identify lymphocytes, we used a CD3 antibody that stains T-cells, which constitute the majority of the lymphocyte population. Among the CD66b + cells, neutrophils were identified as highly positive for CD16, whereas eosinophils and basophils were negative or moderately positive for CD16; see Supporting Information (Tables S1 and S2 ). Cancer cells (DU145) were gated as EpCAM + and CD45
− . Tuning Cancer-Cell Purity and Recovery. A series of 38 PFA-fixed samples from 13 different healthy donors, each consisting of 0.5 mL of RBC − blood spiked with 50 cancer cells, either DU145, PC3, or MCF7, was processed. For each sample, a Petri dish with EpCAM-stained cancer cells was placed under a microscope and a pipet was used to collect 50 single cells. The cancer cells were added to 0.5 mL of CD45-labeled RBC − blood and diluted with FACS buffer to a total sample volume of 1.0 mL. RBC − samples containing DU145 (n = 12), PC3 (n = 8), or MCF7 (n = 8) were run in "high-recovery" mode, and 10 RBC − samples with DU145 were run in "high-purity" mode by lowering the actuator voltage. After separation, the collected central cell fraction was analyzed by flow cytometry for the number of cancer cells and contaminating WBCs. In addition, 1.0 mL of the collected side waste fraction (total volume ≈ 4 mL) was analyzed for estimation of the contaminating central WBC fraction.
Clinical-Scale Cancer-Cell Enrichment from 5 mL of Blood. To demonstrate the ability to process PFA-fixed samples of clinically relevant composition, cell samples (MCF7 and RBC − blood) were prepared, processed, and analyzed. Fifty EpCAM-PE-labeled MCF7 cells were spiked in 5 mL of CD45-APC labeled RBC − blood (8 different healthy donors) and diluted with FACS buffer to a total sample volume of 10 mL. Samples were run in high-recovery mode (n = 5) and in highpurity mode (n = 3).
Effect of RBC Lysing Solution on Cancer Cells' Acoustic Properties. DU145 cells and blood were incubated with BD FACS lysing solution and analyzed by flow cytometry; for details, see Supporting Information.
Separation of Viable Cells. Samples were prepared of 0.05 mL of RBC − blood diluted 1:4 with FACS buffer to a total sample volume of 0.2 mL and spiked with ∼10 000 DU145 cells. These experiments were repeated with three different healthy blood donors. The samples were processed at three different voltage amplitudes: low = 5.3 V, intermediate = 5.6 V, and high = 5.9 V. Nonviable tumor cells were excluded from statistical analysis as determined by forward and side-scatter position in the flow cytometry dot plots (N ≥ 15).
Definitions of Separation-Evaluation Parameters. The system processes sample from an input sample container and separates cells to a central cancer cell outlet and a side WBC outlet. Cancer-cell recovery is defined as the total number of cancer cells in the central outlet divided by the number of cancer cells that were spiked in the input sample. The cancer-cell purity is defined as the number of cancer cells divided by the total number of all cell types in a container. Enrichment is defined as the purity in the outlet container divided by the purity in the inlet container. The central cancer-cell f raction is defined as the number of cancer cells in the central outlet container divided by the total number of cancer cells in both the central and side-outlet containers. The central WBC f raction is likewise defined.
■ RESULTS
We developed and evaluated an acoustic microfluidic platform for enriching cancer cells from RBC − blood, using clinically relevant sample volumes and cancer-cell concentrations, targeting label-free CTC enrichment from 5 mL of blood. The acoustic microfluidic processing diverts the cells in the input sample into two output fractions based on each cell's acoustophoretic mobility, which correlates strongly with cell size. The larger cancer cells predominantly end up in the highmobility central outlet fraction, while the vast majority of the smaller WBCs are collected from the low-mobility side outlets.
Determining the Upper Limiting Cell Concentration. To optimize processing of clinical samples, we performed initial experiments to determine the maximum cell concentration that could be processed by acoustophoresis without compromising the cell-separation performance. Cell-separation accuracy was independent of the input cell concentrations up to ∼3 × 10 6 cells/mL. At higher cell concentrations, the contamination of WBC increased in the central outlet fraction. This cutoff concentration, termed "critical cell concentration", corresponds to the lower range of an undiluted WBC population in typical patient samples (3 × 10 6 to 10 × 10 6 WBC/mL) (Figure 2A ). In the following experiments, all samples were diluted to ensure a WBC concentration well-below this critical cell concentration.
Identification of Contaminating WBC Subpopulations. After separation, the enriched cancer cell fraction from the central outlet is contaminated by WBC, indicating partly overlapping distributions of acoustophoretic mobility for the two cell types. In the first set of experiments, the data showed that ∼0.6% ± 0.2% (mean ± SD) of all processed WBCs ended up contaminating the cancer cell fraction for separation settings, generating a 91% ± 1.9% recovery of cancer cells in the central outlet fraction (Figure 2B ). Of the contaminating WBCs, 91% ± 8.5% were granulocytes ( Figure 2C ). The major contaminant was identified as eosinophil granulocytes ( Figure  2D ), constituting 93.3% ± 1.8% of the granulocytes and 85% of all the contaminants in the central fraction. The basophils were excluded as a major contamination candidate due to their low number and smaller size. Although eosinophil granulocytes were the major contaminant, only 26% ± 10.6% of all eosinophils in the sample ended up in the cancer cell fraction.
Tuning Cancer-Cell Purity and Recovery. To evaluate the recovery of cancer cells at low concentrations, 50 cancer cells were spiked in 0.5 mL of RBC − blood and then processed. Results from the first sets of 28 samples showed that, after separation, the enriched cancer cell fraction in the central outlet had collected an average of 38 DU145, 41 MCF7, or 41 PC3 cells, respectively. This constituted 77% ± 11.4% (mean ± SD) recovery for DU145, 81% ± 6.1% for MCF7, and 81% ± 11.4% for PC3. The average central outlet WBC fraction was 0.28% ± 0.13% in the DU145 experiments, 0.20% ± 0.11% for MCF7, and 0.22% ± 0.30% for PC3 ( Figure 3A) . The absolute number of contaminating WBCs varied between 405 and 5414 cells for the 28 samples, resulting in a mean cancer-cell purity in the central outlet fraction of 1.5% ± 0.34% for DU145 cells, 2.7% ± 1.6% for MCF7 cells, and 4.9% ± 2.8% for PC3 ( Figure 3B ). The cancer cell enrichment factor ranged from 94-fold to 1652-fold enrichment, with an average of (340 ± 156)-fold cancer cell enrichment for DU145, (576 ± 413)-fold for MCF7, and (877 ± 560)-fold for PC3 ( Figure 3C and Table S3 ).
Aiming at increased cancer cell purity, 0.5 mL of RBC − blood samples spiked with 50 DU145 cells (n = 10) were run at slightly lower acoustic amplitude. The cancer cell recovery dropped to an average of 29 cells (58% ± 11.1%), and the contaminating WBCs in the central-outlet fraction dropped to 0.03% ± 0.02% ( Figure 4A ). In addition, the average purity in the cancer cell outlet increased by a factor of 10 (14.7% ± 8.5%) ( Figure 4B) . Likewise, the cancer cell enrichment increased to an average of (2785 ± 1760)-fold ( Figure 4C and Table S4 ).
Clinical-Scale Cancer-Cell Separation. To demonstrate sufficient throughput at maintained separation performance, cancer cells were enriched from 10 mL samples (5 mL of RBC − blood diluted with 5 mL of FACS buffer and spiked with 50 MCF7 cells). In high-recovery mode the average cancer cell recovery was 43 cells (86% ± 2.3%) with a central WBC fraction level of 0.57% ± 0.14% ( Figure 5A ). In high-purity mode the average cancer cell recovery was 62% ± 8.7% with a central WBC fraction level of 0.10% ± 0.07%. The cancer cell purity of the collected central fraction was 0.11% ± 0.05% for high-recovery mode and 0.72% ± 0.69% for high-purity mode ( Figure 5B ). Enrichment factor was 162 ± 55 for high-recovery mode and 1445 ± 1811 for high-purity mode ( Figure 5C ). Future clinical samples will be subjected to RBC lysing solution before acoustic separation. Therefore, we used DU145 cells spiked into blood to determine whether RBC lysing solution would importantly influence the acoustic properties on cancer cells and nucleated blood cells. After the incubation with RBC lysing solution, we lost 9.2% ± 5.2% DU145 cells compared to 4.5% ± 3.8% WBCs ( Figure S1A ). The loss of cells was higher after running the samples through the acoustic microfluidics platform (DU145 19.4% ± 4.8% and WBC 7.8% ± 2.7%, Figure S1B ), but there was no notable effect on cell separation or cancer cell recovery (76% ± 4.9%, Figure S1C ) associated with the RBC treatment.
Separation of Viable Cells. Samples containing viable non-PFA-fixed cells were processed at three different acoustic amplitudes to determine central cancer cell and central WBC fraction. The lowest amplitude generated the lowest central WBC fraction (mean 0.2% ± 0.1%) but also the lowest central cancer cell fraction (mean 77% ± 5.4%). For intermediate amplitude, the mean central cancer cell fraction was 87% ± 6.6% with a mean central WBC fraction level of 0.8% ± 0.4%. The highest amplitude generated a mean central cancer cell fraction of 95% ± 4.0% with considerably increased mean central WBC fraction: 5.1% ± 2.4% ( Figure 6 ).
■ DISCUSSION
We have presented an acoustic cell-separation platform for cancer cell isolation that is able to process clinically relevant sample volumes. Cell suspension with concentrations up to 3 × 10 6 cells/mL can be processed without compromising separation accuracy. Hence, the acoustic microfluidic platform is able to process 5 mL of RBC − blood diluted 1:2 in close to 2 h. This instrument was designed so that a nonexpert operator can produce repeatable sample treatments similar to those of Fong et al. 35 Many cell-separation techniques display a dependency in separation performance in relation to cell concentration of the sample. This is due to the hydrodynamic interaction between closely spaced cells. When processing blood samples, cell concentration becomes a rate-limiting factor because the clinical level exceeds the concentration where hydrodynamic interaction plays a role and sample dilution is consequently needed. For acoustic prefocusing and separation, a simple theoretical estimate of this critical cell concentration can be made by calculating the concentration for which the prefocused cells are perfectly lined up. Above this concentration, the cells become too closely packed to be treated as single cells in terms of their interaction with the surrounding liquid and become influenced by hydrodynamic interactions such that their acoustofluidic migration velocity toward the pressure node increases. 36 Given the channel width w = 375 μm and height h = 150 μm, two cells of mean diameter (d = 10 μm) would occupy a thin slab of liquid of volume V = whd, corresponding to a cell concentration of 3.6 × 10 6 /mL (Figure 2A , blue dashed line). This simple model predicts the experimental observation that WBC concentrations above 3 × 10 6 /mL in the input sample lead to an increase in WBCs in the central outlet. Therefore, to achieve highest possible separation efficiency, the input sample needs to be diluted to a cell concentration below this limit.
We concluded that for acoustic cancer cell enrichment in healthy donor blood, the major contaminant is eosinophil granulocytes. One likely reason for this is that they are relatively large and dense, yielding an acoustophoretic migration velocity partly overlapping with that of some of the cancer cells. Granulocytes have previously been reported to have higher acoustophoretic migration rate than monocytes and lymphocytes. 31 This finding has further support in recent measurements of the acoustic impedances and sizes of neutrophils, lymphocytes, and monocytes at single-cell level using isoacoustic focusing. 33 Lymphocytes present less of a contamination problem, likely related to their smaller size and thus minimal overlap in distribution of acoustophoretic mobility versus cancer cells.
The effectiveness of using cancer cell lines in assessment of CTC-separation techniques has been scrutinized and extensively discussed. Reports of CTCs being smaller in size than cultured cells 37 have been used as a counterargument. However, there are also contradicting reports finding CTCs to be larger than or about the same size as cultured cells. 38 More recent reports also highlight the importance of capturing CTC clusters, as these are hypothesized to have a higher metastatic potential 14 and poor prognosis. 13 Because CTC clusters are larger, they can be more easily isolated by acoustophoresis.
The separation efficiency in terms of WBC depletion for a given level of central cancer cell fraction is better than in our previous study of this method. 19 This is primarily a consequence of the implementation of a longer acoustic prefocusing channel that defines identical spatial positions for all cells as they enter into the separation zone. Other contributing factors may be the more stable flow compared to syringe-driven flows and the automated and reproducible system priming prior to each run.
Variation in separation outcome depends on several factors. The use of different blood donors explains the varying number of WBCs in the input samples. Donors with high numbers of eosinophils generally generate higher contamination levels and lower cancer cell purities. The variation in separation performance for repeated samples may also be caused by flow instabilities due to cell aggregates or contaminating fibers. In addition, cell counting using flow cytometry introduces uncertainties in sample analysis, which is especially critical at low cell numbers. Also, ∼40 μL of the sample will remain inside the system after stopping the flow at the end of each run, corresponding in the 1 mL sized samples to an average loss of 2 cancer cells out of the total 50 spiked cancer cells.
We show that it is possible to process and separate both viable and fixed cells in the acoustic setup, and we find that the separation performance is unaffected by the number of spiked cancer cells for the investigated range from 10 mL −1 to 2.5 × 10 5 mL −1 . Fixation leads to decreased acoustic-migration velocities for both WBC and cancer cells. However, for viable cells the overlap in acoustic-migration velocity is larger than that for fixed cells, which leads to higher WBC contamination levels. Nevertheless, the prospect of processing viable cells opens up possibilities of postseparation culturing and performing functional characterization and potential ex vivo drug screening of isolated CTCsa considerable step toward the goal of achieving personalized medicine.
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